Abstract-The development of two new types of high-density, electroless plated microelectrode arrays for CMOS-based high-sensitivity direct bacteria and HeLa cell counting are presented. For emerging high-sensitivity direct pathogen counting, two technical challenges must be addressed. One is the formation of a bacteria-sized microelectrode, and the other is the development of a high-sensitivity and high-speed amperometry circuit. The requirement for microelectrode formation is that the gold microelectrodes are required to be as small as the target cell. By improving a self-aligned electroless plating technique, the dimensions of the microelectrodes on a CMOS sensor chip in this work were successfully reduced to 1.2 2.05 . This is 1/20th of the smallest size reported in the literature. Since a bacteria-sized microelectrode has a severe limitation on the current flow, the amperometry circuit has to have a high sensitivity and high speed with low noise. In this work, a current buffer was inserted to mitigate the potential fluctuation. Three test chips were fabricated using a 0.6-CMOS process: two with 1.2 2.05 (1024 1024 and 4 4) sensor arrays and one with 6-square (16 16) sensor arrays; and the microelectrodes were formed on them using electroless plating. The uniformity among the 1024 1024 electrodes arranged with a pitch of 3.6 4.45 was optically verified. For improving sensitivity, the trenches on each microelectrode were developed and verified optically and electrochemically for the first time. Higher sensitivity can be achieved by introducing a trench structure than by using a conventional microelectrode formed by contact photolithography. Cyclic voltammetry (CV) measurements obtained using the 1.2 2.05 4 4 and 6-square 16 16 sensor array with electroless-plated microelectrodes successfully demonstrated direct counting of the bacteria-sized microbeads and HeLa cells.
. However, conventional counting methods with high sensitivity such as the polymerase chain reaction [2] and culture-based biochemical testing [3] are time consuming (usually a few days at minimum). For example, the PCR usually takes a few hours and the culture-based testing takes usually a few days at minimum. These methods also require controlled environments and well-trained staff. On the other hand, conventional rapid approaches such as immuno-chromatography [4] and ATP bioluminescence schemes [5] are insufficient with respect to sensitivity. Flow cytometry [6] has high throughput and high sensitivity. Even though mobile flow cytometry [7] and magnetic flow cytometry [8] are remarkably developed, it requires relatively large-volume apparatus because it is based on optical measurement when comparing to electrical one. The Coulter counter [9] can also be used to achieve high throughput, however, the required apparatus is very big and expensive.
As an alternative, electro-chemical sensing approaches using a microelectrode [10] [11] [12] [13] have been intensely investigated as shown in Fig. 1(a) . By using antibody immobilization on a CMOS-based microelectrode array [14] , [15] , simultaneous counting of various pathogen types can be implemented. To maximize sensitivity, the electrode size should be same as that of the target [16] . However, the sizes of conventional microelectrodes are not small enough for direct bacteria counting. For example, the size of the state-of-the-art microelectrode is 7-square [12] , which is much larger than the size of bacteria (2) (3) (4) (5) (6) (7) (8) ). This is insufficient for high-sensitivity direct counting as shown in Fig. 1(b) .
Au electrodes are commonly used in electrolyte systems because Au has the lowest ionization tendency. However, the formation of Au microelectrodes is not allowed in standard CMOS processes because Au may cause serious contamination. Thus, Au microelectrodes must be formed with a post-CMOS process. However, the conventional post-CMOS process is based on either contact photolithography or electron-beam lithography. Contact photolithography is insufficient in terms of miniaturization limit because its resolution is in several micrometer lines/spaces. In addition, it requires large and expensive production equipment. From the viewpoint of miniaturization limit, electron-beam lithography is attractive. However, electron-beam lithography also requires large and expensive production equipment. Moreover, it requires a long time and is unsuitable for mass production. Thus, cheap and self-aligned processes are needed for the development of bacteria-sized microelectrodes, as shown in Fig. 2 . Electroless plating is a promising technique for forming bacteria-sized Au microelectrodes because it is a cheap self-aligned process and forms trench structures. In this work, by introducing and improving an electroless plating technique, the size of microelectrodes on a CMOS sensor chip was successfully reduced to 1.2 2.05 , which corresponds to 1/20th (from 49 to 2.46 ) of the smallest size reported in literature as shown in Fig. 1(b) .
To verify the effectiveness of the proposed approach, three test chips were fabricated using a 0.6-CMOS process: two with 1.2 2.05 sensor arrays (1024 1024 and 4 4), and one 6-square sensor array (16 16) . The Au microelectrodes were formed on them. The uniformity among 1024 1024 electrodes arranged with a pitch of 3.6 4.45 was verified using a laser microscope. In addition, the trenches on each microelectrodes for improving sensitivity were developed and optically verified for the first time. The trench structure aids in single target capture and increases the sensitivity of the electrochemical measurement [6] .
CV for the 16 16 sensor array chip with 6-square electroless-plated microelectrodes successfully demonstrated the effectiveness of the platform in direct counting of HeLa cells. The size of the HeLa cells is larger than that of the bacteria. This study presents the first demonstration of pathogen detection using an electroless-plated gold microelectrode; the previous study [12] on this subject did not detect any pathogen or microbeads. Thus, the present work is useful toward developing a method for bacteria detection. In addition to the conference proceedings [30] , a detailed description of the implementation of amperometry, CV measurements and direct counting of the bacteria-sized microbeads using a 1.2 2.05 4 4 microelectrode array, 2D mapping results, and 2 2 array measurement results are presented in this paper.
This paper is organized as follows. The proposed formation of microelectrodes by the electroless plating is introduced in Section II. Design of two prototype chips and the measurement setup are shown in Section III. In Section IV, we present measurement results. Section V shows 2D counting results. Sections VI and VII show direct counting of the bacteria-sized microbeads and HeLa cells. Section VIII concludes this paper.
II. ELECTROLESS GOLD PLATING FOR SMALL-FEATURE MICROELECTRODE FORMATION

A. Formation Process of Electroless Gold Plating
Fig . 3 shows the flowchart and microphotograph of the electroless gold plating technique for realizing the 1.2 2.05 microelectrode array. Though the shape should be optimized for the target, the shape is not a square but a rectangle because of the design rule of CMOS fabrication in this work. The aluminum alloy on the surface of the CMOS chip is susceptible to oxidization and thus is difficult to perform electroless-plating. To achieve a small form factor, the following key points are considered.
Contaminations adversely affect the adhesion and flatness of microelectrodes. Therefore, pre-cleaning is important to achieve small size and uniformity. We performed pre-cleaning using acetone, isopropyl alcohol (IPA), and de-ionized (DI) water. We have based some steps of the proposed procedure on [12] , combining them with pre-processing [17] and de-smutting [18] .
During the electroless plating, the chip did not require any protection. The challenge is the temperature management. Temperature management is important especially in small-feature (micrometer-order) electrode formation.
Electroless-plating has an advantage in terms of duration. The thickness of the layer formed by electroless-plating is approximately 0.2 . The microelectrode was subjected to repeated measurement. CV measurement results did not change after seven times of repeated measurement. In addition, it could maintain its performance after 2-minutes ultrasonic cleaning (100 W, 35 kHz).
B. Trench Structure by Electroless Gold Plating
A trench structure is introduced to improve sensitivity. The current which generated from the peripheral part of the microelectrode is unaffected by the target and degrades sensitivity. To minimize the current flow from the peripheral part of the microelectrode while maintaining the diameter, we introduced the trench structure. One of the previous studies [8] presented quantitative discussion of sensitivity improvement using the trench structure. The said paper reported that a trench structure (1.5--diameter microelectrode surrounded by 1--high wall to detect a 1--diameter target) improves the sensitivity by a factor of four (from 8% to 30%). In addition, the trench structure mitigates the expansion of diffusion layer and allows the decrease of pitch.
The trench structure was formed by an opening at the top passivation layer using standard CMOS process and electroless plating. A trench structure with gold microelectrode can be realized using electroless plating with a thickness that is thinner than the height of the top passivation layer. In the conventional contact-photolithography-based technology, realizing a bacteria-sized trench structure is difficult because making the post-CMOS passivation layer thick is difficult and a high-aspect trench formation is not practical with respect to the resolution limitation of contact photolithography.
C. Verification of Electroless Gold Plating by Optical View
Three test chips were fabricated in a 0.6-CMOS process, with sensor arrays of 1.2 2.05 (1024 1024 and 4 4), and 6-square (16 16). The Au microelectrodes were formed on them. Fig. 4 shows a microphotograph and 3D image of the electroless-plated gold microelectrode (1.2 2.05 ) on the 1024 1024 chip. Fig. 5 shows the cross-sectional step profile of the microelectrode. The successful formation of microelectrodes with good uniformity and flatness was verified by viewing through a hybrid laser microscope (OPTELICS HYBRID) manufactured by Lasertec Co., (Kanagawa, Japan). The trench structure for increasing the sensitivity of individual single bacteria detection was also verified as shown in Fig. 5(c) . Fig. 6 shows the microphotograph and 3D image of the fabricated electroless-plated Au microelectrode (6-square) in the 16 16 chip. The formation of the microelectrode (6-square) was also verified. From the two types of the formed arrays, the scalability of the microelectrode's size from 1. 2 2.05 to 6-square using the proposed procedure was confirmed.
The following chemicals and reagents were used in the electroless plating process: RONAMAX SMT-115 purchased from Dow Chemical Japan Co., (Tokyo, Japan); OROMERSE SO, TECHNI SBZ CONDITIONER purchased from Technic Japan Co., Ltd. (Osaka, Japan); nitric acid purchased from Yoneyama Yakuhin Kogyo Co., Ltd. (Osaka, Japan); and sodium hydroxide purchased from Sigma-Aldrich (St. Louis, Missouri, USA).
D. Scaling Limit of Electroless Gold Plating
A smaller size of microelectrodes enables detection of smaller pathogens such as viruses (20-970 nm) . In addition, imaging-based counting (not direct counting) that does not suffered from the limited fill factor can be feasible. However, two types of scaling limitations for electroless plating exist: electrode-size and electrode-gap limitations.
The scaling of electrode size depends on reaching an electroless-plating solution and on the CMOS fabrication. Reaching an electroless-plating solution is essential for electroless plating. If the electroless-plating solution cannot reach the original electrode before the electroless plating, the reaction involved in electroless plating cannot start. CMOS fabrication can be scaled using the current scaled CMOS technology. In the 0.6-CMOS technology used in this work, 1.2 2.05 is minimum feature size because of the design constraints (design rule check of the CMOS fabrication process). Using scaled CMOS technology such as the 14-nm CMOS [19] allows the development of sub-micrometer microelectrodes. Since RF-CMOS integration requires highly-integrated top metal layer for small-formfactor high-on-chip inductor, top metal layer is also being scaled down. The literature reported that minimum pitch of top metal layer was scaled down to 0.6 in 32 nm CMOS [20] .
The electrode-gap scaling is limited by the self-terminating property of the electroless gold plating. Previous work in the nanotechnology field [21] has shown that a 5-nm gap can be developed by electroless gold plating. In addition, the gap can be adjusted by introducing a molecular ruler [22] .
E. Fill Factor of Electroless-Plated Microelectrode Array
In direct bacterial counting using a 2D microelectrode array, a limited fill factor decreases the counting accuracy. Limited fill factor is caused by the gap between microelectrodes. The gap of a conventional contact-photolithography-based microelectrode array is limited by the resolution of the contact photolithography, and its minimum value is greater than several micrometers. The gap of the proposed electroless-plated microelectrode array is limited by the self-termination property, and its minimum value is approximately 5 nm [21] . Furthermore, the trench structure is beneficial to improve the counting accuracy as well as the sensitivity. The trench structure usually makes the gap assume a convex shape as shown in Fig. 5 . By introducing this shape, the pathogen cannot stay at the gap and will fall inside the trench due to gravity. Therefore, the electroless-plating technique has an advantage from the viewpoint of the fill factor.
To improve the counting accuracy in electroless-plated microelectrode arrays with a trench structure, introduction of magnetic cell manipulation using an on-chip coil [23] can be one of the effective solutions. By immobilizing the magnetic beads on pathogens and generating magnetic field using an on-chip coil, pathogens can be accumulated inside the trench. As a result, the degraded counting accuracy due to the limited fill factor can be mitigated.
III. TEST-CHIP DESIGN AND MEASUREMENT SETUP FOR AMPEROMETRY
A. Test Chip Design
Since the current flow on bacteria-sized microelectrode is severely limited, the amperometry circuit needs to be low noise while maintaining high speed. In this work, some circuit techniques were implemented to address this issue. The circuit architecture is shown in Fig. 7 [24] , [25] instead of the -converter.
Amperometry using a microelectrode requires several tens of seconds for stabilization of the signal (current). Therefore, the measurement requires an unacceptably long time if we measure the sensors one by one. Thus, in order to obtain an accurate data, amperometry using a microelectrode requires a fixed electrode potential and a steady-state current must flow from the electrode continuously during measurement. As a countermeasure to this issue, we employ selection switch [26] for the emerging fixed electrode potential, as in shown Fig. 7 . For a fixed electrode potential, there are two switches (switch 1 and switch 2) per electrode. Without connecting the -converter, the electrodes are fixed at constant electrode potential. Since a constant steady-state current flows continuously through electrodes with the fixed potentials, it is possible to reduce the time to reach steady state and thus the total measurement time.
The switch operation is as follows. When electrode is measured, switches 1A and 2B remains closed, and switches 2A and 1B are open. Switches 2A and 1B are close, and switches 1A and 2B are opened when we measure electrode B. As such, it is possible to perform a high-speed measurement when a constant current flows by maintaining all electrode potentials at constant values. Fig. 8 shows the selection switch signals. By turning off switch 2 after turning on switch 1, the potential of the electrode is always fixed. Fig. 9 shows a schematic of the proposed sensor cell circuit for amperometry. The sensor cell circuits for amperometry [27] were implemented in a 16 16 array chip that consists of 16 16 blocks. One block consists of four different sensors: amperometric, potentiometric, impedimetric, and simple electrode sensors. In this work, an amperometric sensor was used for performing CV measurements.
The selection switch may cause potential variations in the electrode during the switching operation since it is directly connected to the electrode. The potential variation may cause unstable amperometric measurement, which may lead to damage of the microelectrodes.
As a countermeasure to this, we implemented a current buffer circuit between the electrode and the selection switch for reducing the voltage variation, as depicted in Fig. 7 . By duplicating the current flowing through the electrode, the effect of switching on the measurement system is reduced. As mentioned in Fig. 9 , the current buffer circuit for amperometry consists of a current mirror to copy the current, source followers, a differential amplifier, MOS diodes, and a level shift source follower. The groups of P1-P4, P5-P6, N1-N4, {N5, N11, N12}, and N8-N10 use the same size transistors.
The current mirrors of {P1, P2} and {N4, N3} are set to copy the drain current from P2 to P1 and N4 to N3. The source follower of {N2, P4} is set to maintain the electrode voltage at a constant value. The differential amplifier of {P5, P6, N5, N6, N9} creates the gate potential of the source follower ( ). N1 and P3, which are MOS diodes, provide larger output imped- ances. The switching circuit of {P7, N7} selects one electrode from the array of electrodes. The source follower of {N12, N8, N11, N10} increases operating range. Fig. 10 shows the schematic of the amperometric sensor array. Sides of the array have decoders ( decoder and decoder) and address buffers, respectively. The address buffers are used to hold the address signal and are reset by the CAS for the address and the RAS for the address. The and decoders convert the signals from the address buffer and set the voltage of the word line, which we want to read as low.
The sensor array is measured as follows: the addresses are reset by the RAS and CAS. The address of the specific electrode sets the input address. The address buffer of the axis maintains the input address. The address of the specific electrode sets the input address. The address buffer of the axis maintains the input address. The switch between the current circuit and the -converter is set to on. The off-chip analogto-digital converter (ADC) measures the potential of . When the next electrode is measured, measurement starts from the step that the address buffer of axis maintain the input address. When the line of the electrode ( address) is changed, measurement starts from the step of the reset. Fig. 11 shows a schematic of the -converter. Fig. 11 (a) shows that the current ( ) is amplified and is converted into a voltage ( ) by the resistor ( ) in the -converter. The potential of is ( , 10, 100, 1000). The amplified current is generated by the current mirror in Fig. 11(b) .
B. Measured Results of the Test Chip
The measured results of the test chip are summarized in this subsection. The detail can be found in previous literature [13] . Fig. 12 shows the measured input-output characteristic of the current buffer shown in Fig. 9 . The input signal was supplied by HP4142B (Keysight Technologies). The measured range of the input current is from 3 pA to 2 , which agrees well with the SPICE simulation results. The linear region is wide enough for our application. The measured current gain is one, and the measured offset current is approximately 2 nA. The leakage of the switches between the current buffer and the -converter is sufficiently small; thus, they can be ignored. The simulated equivalent input-referred current noise integrated from 10 Hz to 10 kHz is 21.8 pA. Fig. 13 shows the measured input-output characteristic of the -converter shown in Fig. 9 . Good linearity is verified. The log-log plot of the measured data at is shown in Fig. 14 . Because of process variation, the slope changes at the boundary (the input current is zero). Fig. 15 shows the measurement setup. A semiconductor parameter analyzer (HP 4142B) and a potentiostat were utilized for the CV measurement. Micro controller unit (MCU, STM32F103VET6, ST Microelectronics) was implemented for signal processing. The clock frequency of the MCU is 72 MHz. A 12-bit 1-ADC is implemented in the MCU. This measurement system can achieve rapid bacterial counting (approximately 1 s) even with a 1024 1024 array.
C. Measurement Setup
The following chemicals and reagents were used in amperometry: phosphate-buffered saline (PBS, pH 7.4) purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan), sodium sulfate, and potassium hexacyanoferrate (II) trihydrate purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). 
IV. MEASUREMENT RESULTS
A. CV of a 1.2 2.05 4 4 Microelectrode Array
To confirm the electrochemical property of the electrolessplated gold microelectrode, we performed CV measurement for a 1.2 2.05 4 4 microelectrode array using 20-mM and . Since this measurement is feasibility study, an external potentiostat was used for conservative approach. Fig. 16 shows the measured result. The measured peak current was 3.75 nA.
The theoretical formula for peak current is expressed as (1) where is the number of electrons, is the Faraday constant, is the diffusion constant, is the density of the reactant, and is the radius of the microelectrode [11] . From (1), the theoretical value of the peak current in the 1.2 2.05 microelectrode is 4.05 nA. Thus, the measured values are consistent and slightly less than the theoretical value. Two possible reasons could have caused this decrease. One is that the solution cannot reach the edge of the trench of the microelectrodes and the effective area decreases. Another is that the trench structure for sensitivity improvement reduces the absolute value of the peak currents, as reported in [10] .
B. CV of 6-
Square 16 16 Microelectrode Array   Fig. 17 shows the measured CV using 10 mM and . Fig. 17(a) shows the results of the median of the 16 16 array when the current was measured seven times. The measured current is almost identical during all seven measurements. From the measurements, we found that the electroless-plated microelectrode was robust enough to be used several times. The peak currents from the first, third, and seventh measurements were . The drift is less than 0.1 nA. From (1), the theoretical value of the peak current in the 6-square microelectrodes is 7.55 nA. The reason of the decrease from the theoretical value is consider as well as the case of 1.2 2.05 4 4 microelectrode array in the previous subsection. Fig. 17(b) shows the histogram of the measured peak currents in the first measurement. All 16 16 electrodes functioned well. The histogram in all 16 16 electrodes of the limiting current forms a normal distribution and its standard deviation is 0.305 nA, where the average peak current is 5.33 nA.
The distribution comes from the variation in both the area of the microelectrodes and the current buffers. Fig. 5 shows that the surface roughness of the electroless-plated microelectrodes is approximately 0. 1 . Thus, we assumed that the variation in the area of the microelectrodes is small and the distribution might have come mainly from the current buffers.
A previous work [23] reported that the standard deviation value for the conventional contact-photolithography-based CMOS amperometric sensor array with a 10 -square microelectrode is 3.94 nA when the average peak current is 15.4 nA. Current buffers with identical design were implemented in the previous and present works. Thus, the proposed electroless-plated microelectrodes have an advantage from the viewpoint of performance variation.
V. 2D COUNTING USING ARRAY SENSORS
We have confirmed the principle of operation of 2D counting by using the plated electrode array. Fig. 18(a) shows a conceptual diagram of the principle of 2D counting. Silicone coated part of the electrode array, as shown as Fig. 18(b) , and the electrode array was measured by CV to confirm the principle. 
VI. DIRECT COUNTING OF BACTERIA-SIZED MICROBEADS
To evaluate the feasibility of direct bacteria counting using the electroless-plated microelectrode, the direct counting of bacteria-sized microbeads was performed using 1.2 2.05 4 4 microelectrode array with 10-mM and . To imitate the bacteria, the magnetic microbeads (Dynabeads MyOne Streptavidin C1, Life Technologies Corp., diameter is 1 ) were used. By attaching a neodymium magnet to the bottom of the ceramic package, magnetic microbeads are immobilized at the surface of the chip. Fig. 19 shows the measured results of the direct counting. The CV's peak current was reduced from 2.54 nA to 1.83 nA. The difference of 0.71 nA ( ) is sufficient to maintain signal-tonoise ratio (SNR) under drift (less than 0.1 nA) and the input-referred noise (21.8 pA). The direct counting of microbeads was successfully verified. This results show the feasibility of the direct bacteria counting by the proposed method.
As well as qualitatively, the result is quantitatively reasonable. The study [8] reported that the sensitivity was improved from to by the trench structure where 1.5--diameter microelectrode surrounded by 1--high wall to detect a 1--diameter target. This insight agrees well with the measured results in this study. Therefore, we assumed that the measured sensitivity of is owing to the trench structure.
VII. DIRECT COUNTING OF HELA CELLS
A. Introduction and Concept
To verify the effectiveness of the proposed platform, direct counting of HeLa cells was demonstrated by using the 16 16 sensor chip. The HeLa cell line [28] is an immortal cell line, which is widely and commonly used in scientific research [29] . The line is derived from human cervical cancer. HeLa cells were chosen owing to their remarkable durability. working electrode (WE). Thus, by monitoring the difference in the currents, HeLa cells can be counted directly. To verify the bare electrode behavior, CV with a 10 mM without was performed. Because HeLa cells shrink after death, they must be kept active during measurement. To minimize influence of electrolytes on the activity of HeLa cells, was left off. After verifying the microelectrode with CV, 40 of HeLa cells (8.1
) solution in PBS was dripped and incubated for 2 h at room temperature. This is done to allow the cells to settle on the microelectrodes. Measurements were taken after drawing out the unnecessary solution (PBS with redundant cells that did not settle on the microelectrodes). Fig. 20 shows how to determine whether the microelectrode is with or without a HeLa cell. Because the size of one HeLa cell is about 10 , it can cover the entire microelectrode. When a cell is attached to the microelectrode, the current is blocked by the cell, reducing the amount of current. By detecting this change, we tried to determine whether a cell is on the microelectrode or not. Fig. 17(a) . This difference is due to the different supporting electrolyte [PBS in Figs. 22 and 23,  in Fig. 13(a) ]. In Fig. 22 , the peak current without HeLa cells decreases by 36% and 35%, since the PBS employed for cells settle on the microelectrode and reduce the concentration of . On the other hand, in Fig. 23 , the peak currents with the presence of HeLa cells decrease by 52% and 50%. The difference in decrement (36% and 35% versus 52% and 50%) is due to the presence of HeLa cells. Thus, the measured results indicate that the proposed sensor platform can detect HeLa cells directly with high sensitivity. As the lower limit of detection of the implemented circuit is approximately 3 pA [26] . Even the microelectrode with the smallest peak current in Fig. 17(b) can detect the peak-current difference of greater than 200 pA owing to the presence of HeLa cells. Fig. 24 shows the results for the 2 2 array. The results are obtained without any post processing such as a clustering algorithm. The peak current of the left electrodes without a cell decreases by 44%, and the peak current of the right electrodes with a cell decreases by 60%. By determining the threshold between the left electrodes (without a cell) and the right electrodes (with a cell) and identifying the peak current, we can determine if the electrode is a "with" or "without" cell using this chip. The obtained cell count from the unbiased direct electrical detection agree with that from the microscope image.
B. Results of Direct Counting of HeLa Cells
To verify the effectiveness of the current decrease in Fig. 23 , we performed CV using 10-mM and PBS. First, we performed CV using 2 ml of 10-mM . Next, we dropped 40 of PBS onto the chip and performed CV again using 2 ml of . Fig. 25(b) shows the results of the median current of a 12 12 array in the red frame in Fig. 25(a) . The results of the median of CV do not include the upper-left sensors because they did not function owing to an air bubble. The peak CV current decreases because PBS reduced the concentration of .
C. Summary of System Specification
The total system specification can be summarized from the measurement results. In direct pathogen counting, differentiating the pathogens from the drift and debris is essential. From the CV measurement results, we found that the drift was approximately less than 0.1 nA. The signal from the HeLa cell counting was greater than 0.45 nA (15% of 3 nA). Thus, sufficient SNR can be obtained. Further, because the electroless-plated microelectrodes are durable and washable, the debris can be removed by washing. 
VIII. CONCLUSION
This paper has reported the development of the bacteria-sized (1.2 2.05 ) 1024 1024 microelectrode array and HeLa cell counting with 6 square 16 16 microelectrode array using electroless plating for CMOS-based high-sensitivity direct bacteria counting. By adopting and improving the electroless plating technique, the size of the microelectrodes on the CMOS sensor chip can be reduced to 1.2 2.05 . The uniformity among 1024 1024 array and trench structure for improving sensitivity were verified. CV measurements with 1.2 2.05 4 4 sensor array demonstrated the direct counting of the bacteria-sized microbeads while achieving the enhanced sensitivity using the trench structure. The measurements taken with the 16 16 sensor array chip with 6-square electroless-plated microelectrodes successfully demonstrated well-uniformed ( ) CV and direct counting of HeLa cells.
